Earthquake populations have recently been shown to have many similarities with critical-point phenomena, with fractal scaling of source sizes (energy or seismic moment) corresponding to the observed Gutenberg-Richter (G-R) frequency-magnitude law holding at low magnitudes. At high magnitudes, the form of the distribution depends on the seismic moment release rate Ṁ and the maximum magnitude m max . The G-R law requires a sharp truncation at an absolute maximum magnitude for finite Ṁ . In contrast, the gamma distribution has an exponential tail which allows a soft or 'credible' maximum to be determined by negligible contribution to the total seismic moment release. Here we apply both distributions to seismic hazard in the mainland UK and its immediate continental shelf, constrained by a mixture of instrumental, historical and neotectonic data. Tectonic moment release rates for the seismogenic part of the lithosphere are calculated from a flexural-plate model for glacio-isostatic recovery, constrained by vertical deformation rates from tide-gauge and geomorphological data. Earthquake focal mechanisms in the UK show near-vertical strike-slip faulting, with implied directions of maximum compressive stress approximately in the NNW-SSE direction, consistent with the tectonic model. Maximum magnitudes are found to be in the range 6.3-7.5 for the G-R law, or 7.0-8.2 m L for the gamma distribution, which compare with a maximum observed in the time period of interest of 6.1 m L . The upper bounds are conservative estimates, based on 100 per cent seismic release of the observed vertical neotectonic deformation. Glacio-isostatic recovery is predominantly an elastic rather than a seismic process, so the true value of m max is likely to be nearer the lower end of the quoted range.
INTRODUCTION applications in seismogenesis and seismic hazard by Main (1996) , provides a physical explanation for the observed Earthquake populations have recently been shown to behave in a similar fashion to a wide variety of physical systems frequency-magnitude distribution at low magnitudes: which spontaneously organize themselves to remain at or near log F(m)=a−bm , ( 1 ) a critical point or percolation threshold (e.g. Bak & Tang 1989; Sornette & Sornette 1989; Ito & Matsuzaki 1990) . This notion where we shall take F(m) to be the (incremental) frequency of of self-organized criticality (SOC), first proposed by Bak et al. occurrence of earthquakes of magnitude in the range m±dm/2, where dm is the bin width, and a and b are both constants. The log-linear frequency-magnitude relation (1) is known as the Gutenberg-Richter (G-R) law. Since magnitude is a where c and d are constants, eq. (1) corresponds to a powerwhere N here is a cumulative frequency of occurrence, B and M h are the distribution parameters, and M min and M max are law distribution of seismic moment or source dimension, consistent with a scale-invariant or fractal population (for respectively the minimum and maximum magnitudes. B is proportional to the slope b of the frequency-magnitude distriexample Turcotte 1990 ).
All natural fractal sets are confined to appropriate lower bution via B=b/c, and M h is a characteristic seismic moment where the probability of occurrence has dropped by a factor and upper scale-lengths (Mandelbrot 1983), so we would not expect the G-R law to operate at all scales (Main 1996) . Here e−1 compared to the G-R trend. Z is a normalizing constant which ensures that the total probability of occurrence of we concentrate on the upper limit, to determine a maximum credible magnitude m max , of direct use in the calculation of an earthquake larger than M min is unity. The conventional definition of the gamma distribution is seismic hazard, using the observed seismic moment release rate Ṁ as a constraint via C(r+1)= 
where for integer values r!=C(r+1). Comparing eqs (4) and Here M(m) is given by eq. (2), the number density n=F/dm, and (5), the main differences are (1) a finite lower bound M min m min and m max are respectively the minimum and maximum which need not be zero; (2) the fact that the usual range of magnitude. From eqs (1), (2) and (3) b-value is 1/2<b<3/2, implying 1/3<B<1, or equivalently −4/3>r>−2 rather than r>−1. For 1/M h >0, the maxi-
mum possible moment may be infinite, but, for 1/M h ≤0, the constraint of finite moment release requires an explicit finite where b=b ln 10, N T -related to the parameter a in eq.
(1)-upper bound M max (Main 1995) . For the case 1/M h =0, the is the annual number of events in the catalogue above the G-R law is recovered, so the gamma distribution is the more lower cut-off magnitude m min , and m max is the maximum general form. magnitude, corresponding to M max . Thus the maximum magniThe modified gamma distribution (4) was initially suggested tude depends on the seismic moment release rate, the distrifor earthquake data by Shen & Mansinha (1983) and Main & bution parameters (event rate and b-value) , and the scaling of Burton (1984) , based on the principles of statistical mechanics magnitude to moment (scaling constant c).
and information theory. It has been applied to regional In this paper we will apply constraints from the seismic and cumulative frequency-magnitude data in southern California tectonic moment release rates observed in the UK in order (Main & Burton 1986 ) and the Aegean , to estimate the maximum magnitude, using eq. (3) and its and directly to global catalogues of scalar seismic moment by equivalent for the more general gamma distribution, described Kagan (1991 Kagan ( , 1993 Kagan ( , 1997 . It has also been shown to describe below. Both distributions (G-R and gamma) are consistent the length distribution both of active faults in southern with earthquake populations as critical, or near-critical, point California (Davy 1993) and of analogue laboratory models for phenomena (Main 1996) . The method of determining the continental deformation with a brittle-ductile layered rheology maximum magnitude for the gamma distribution for seismic (Davy et al. 1995) . A similar form has been observed in hazard purposes has already been described by Main (1995) , numerical simulations of seismicity incorporating dissipation so only a brief summary is given in the following section. The mechanisms from rate-dependent friction laws (Schmittbuhl subsequent section describes the basic seismicity data available et al. 1996), or seismicity models with a strong permanent from a combination of historical and instrumental data in the heterogeneity (quenched disorder) in material properties UK, and their optimal synthesis into a single catalogue. We (Rundle & Klein 1993) . then calculate seismic and tectonic moment release rates, the The distribution (5) combines a power-law distribution, of latter from a neotectonic model, for glacio-isostatic rebound, exponent −B, at low seismic moment, and an exponential which we show is consistent both with observed vertical decay law, at a rate determined by the characteristic moment deformation rates and with observed earthquake focal mech-M h , at higher moments. This more gradual decay for finite M h anisms. The combined seismic and tectonic data are then used replaces the sharp cut-off required by the constraint of finite to determine recurrence rates and maximum magnitudes for moment release with the G-R law, and is more consistent both the G-R and the gamma distributions, the results being with the behaviour of other natural dissipative systems (Kagan of prime interest to the building of sensitive onshore or offshore 1993). If we examine the total contribution of a particular structures in mainland UK and its immediate continental shelf. discrete interval of magnitude m±dm/2 to the total moment release for 3/2>b>1/2, we find that, for 1/M h ≤0, the largest THE GENERALIZED GAMMA moment or magnitude interval always dominates the total DISTRIBUTION moment release (Main 1995) . However, for 1/M h >0, the magnitude increment with the largest contribution to the total The generalized gamma distribution of seismic moment M seismic moment is somewhat less than the maximum 'credible' takes the form magnitude increment m max ±dm, which contributes a negligible amount (<0.1 per cent) to the total moment release (Main 1995) . This provides a conservative but quantitative estimate
of the maximum credible magnitude, compared to more subjective criteria often used in seismic hazard analysis. The advantage of this approach is that, in areas of low Z=
instrumental or historical seismicity, where the maximum credible magnitude is difficult to assess, we can place objective (1997) have used this database to predict the geographical distribution of seismic hazard in the UK. The earthquakes constraints in a straightforward way from longer-term neoused in the present study are shown within the area enclosed tectonic data on moment release rates. For example, the by the polygon in Fig. 1 , which includes the mainland UK and characteristic moment M h can be determined from combining its immediate continental shelf, chosen mainly because this (3) and (5), where the number density n=−∂N/∂m, to give, corresponds to the area where neotectonic data are available. for B<1,
The largest recorded earthquake during this period occurred
in 1931, in the southern North Sea, and had a magnitude of 6.1 m L , indicating that the seismic hazard, although small (Kagan 1993). The equivalent relation to (4) in terms of seismic compared to interplate zones, is not negligible. moment is, for B<1 and M min %M max ,
Systematic temporal variations in catalogue completeness
The catalogue is composed of three different types of data of varying reliability, so these were first examined in terms ANALYSIS OF THE UK SEISMICITY of the data quality and frequency as a function of the date of CATALOGUE recording. Fig. 2 because the catalogue is in other respects as homogeneous as possible (Marrow 1992) . The main remaining sources of heterogeneity are in differences in the length of the time period in the different epochs; the variable magnitude threshold of complete reporting; and the associated uncertainty in the estimate of the recorded magnitudes. For example, the three classes of data used vary in estimated accuracy from ±1.0 for the early events (pre-1839) to ±0.1 for the post-1970 instrumental data.
Catalogue merger
The final catalogue was compiled by merging the data for the different time periods and magnitude ranges. For the purposes of this study, only those events occurring in the time period since the 1382 (Dover: m L #5 3/4 ) event have been included in the analysis. In order to determine the appropriate magnitude ranges to use in the different time periods, Fig. 3 shows a histogram of the raw incremental frequency-magnitude distributions for the three separate time intervals I, II and III, normalized to an annual occurrence rate by the duration of each individual catalogue. The standard error bars shown on Campbell 1983 from each data set as shown in Fig. 3 . If more than one catalogue was judged to be complete for a given magnitude range, an average annual recurrence rate F(m) was used. The (I) pre-1839, where epicentres have been estimated using choice of which sections of the data set to be used in the macroseismic methods, mainly from contemporary church combined catalogue was made through trial and error until documents, chronicles and early newspaper reports. Only relatively large events would be recorded in this way, and then only if they were felt in populated areas. Mean magnitudes are of the order 4 to 5 m L ; (II) 1839-1970, where both macroseismic and instrumental (since the early 1900s) data are available. The major improvement in catalogue coverage is the advent of detailed reporting of felt effects in regional newspapers in the Victorian period (post-1839). The advent of instrumental recording in the early 1900s appears mainly to have maintained this degree of coverage, coinciding with a decline in the level of detail provided by contemporary published accounts. Mean magnitudes are of the order 3.7 m L ; (III) post-1970, where a systematic UK-wide network was installed, providing instrumental data to a significantly lower magnitude threshold. Mean magnitudes are currently of the order 3.6 m L . A map of the current station coverage and magnitude detection threshold is given by Walker (1998) .
These three subdivisions highlight fundamental differences in catalogue quality, and reflect the major changes in threshold magnitude and coverage (Musson 1994) . Period I has the longest timespan, and can be assumed to be complete for the largest events, but lacks complete information on the smallest events. By contrast, period III represents a very short timescale depending upon their completeness. This is made possible the optimum best-fit line to eq. (1) was found, consistent with a minimum offset at the magnitude corresponding to the joins. The joins shown in Fig. 3 gave the best regression coefficient for eq. (1).
Despite the large magnitude interval, some empty bins remain at the higher magnitudes due to the relatively short time period of the catalogue. This is not a problem for cumulative frequency analysis, but here we will also be investigating the behaviour of curve fits to incremental frequency data. Curve fits to incremental frequency data can be significantly biased to steeper slopes by empty bins at high magnitude, since the data is fitted to a logarithmic frequency scale ( log 0 is −2). Alternatively, ignoring empty bins will bias the curve to shallower slopes. Therefore, in order to minimize the effect of any remaining 'empty bins', the frequency data obtained from the merged catalogues were also filtered using a three-point running mean for each data point:
)/4. The resulting incremental frequency-magnitude data is plotted in Fig. 4 , together with error bars shown on the filtered data at the level of one standard deviation. The best-fit line of the incremental frequency data to eq. (1) gives a=2.95, b=0.92, r=0.98. form. There is a good agreement with the G-R relation (1) least-squares fit to eq. (1) in its cumulative form, with a=3.82 and b=1.01±0.05, and the solid line with square symbols represents the with a=3.82 and b=1.01±0.05; that is, the UK has a b-value best fit to the Cornell-Vanmarcke equation (21), with b=0.93 and close to 1, similar to that of the vast majority of seismic
regions (for example Turcotte 1990 ). Musson (1994) calculated a b-value of 1.03 from the unfiltered data set for the whole catalogue (including events outside our region of interest), so Seismic moment release the two results are statistically indistinguishable. We can also see that fitting eq. (1) directly to the cumulative frequency
The merged catalogue can be used to determine the annual seismic moment release rate by summing the contributions of data produces a systematically steeper slope than fitting to the incremental frequency data. We shall see below that this individual events:
In order to do this we require a moment-magnitude relation of the form (2) for the systematic difference can be corrected for by using an explicitly truncated form of the G-R law.
UK-Marrow (1995) recently determined c=1.30, d=9.74 (appropriate for SI units). However, inspection of the fits to the source spectra (Marrow 1995, Fig. 1 ) show that line fits to mean values of log-spectral amplitudes rather than to the data envelope were used to determine the seismic moment. This has no effect on the value of c, but leads to a systematic underestimation of log M by around 0.3 units, implying d=10.04.
Using these values, we obtain a mean seismic moment release rate between 1382 and 1994 of Ṁ seismic =1.42×1016 N m yr−1.
SEISMOTECTONICS OF THE UK
Before attempting a similar calculation of the tectonic moment release rates, we review the seismotectonics of the UK, and present a model for the observed deformation rates using a flexural beam model for glacio-isostatic adjustment.
Distribution of earthquake epicentres
The distribution of epicentres in Fig. 1 shows a broad spatial distribution of events. No historical or instrumentally recorded earthquakes have produced surface ruptures, so it is difficult to assign recorded seismicity uniquely to major mapped faults (Musson 1997) . There is, however, some evidence of quaternary surface breaks based on the analysis of surface lineaments in western Scotland (Ringrose 1987 (Ringrose , 1989 , but these faults may merged UK seismicity catalogue. The solid line represents the best least-squares fit to eq. (1), with a=2.95, b=0.92.
or may not be currently active, and the unique identification of such lineaments as neotectonic faults, and accurate dating present-day rates of uplift and subsidence in the mainland UK, based mainly on long-term geomorphological data from coastal of their movement can be difficult or impossible. Although the geographical area of western Scotland remains seismically processes operating in the last 8800 years, but also consistent with data determined from harbour tide gauges this century active at the present time (Fig. 1) , similar events can occur throughout the UK. In fact, the main geographical pattern (Woodward et al. 1991) . Accurate dating for the geomorphological data is provided in this case by radiocarbon dating of revealed by Fig. 1 is that the seismicity is distributed in space, consistent with many other examples of intraplate continental peats present in the Holocene sediments, thereby allowing an estimate of uplift or subsidence rates relative to sea level. The deformation.
geomorphological data imply much faster uplift and subsidence rates immediately after deglaciation, decelerating until the Earthquake depth distribution present day to rates broadly comparable with modern-day tide-gauge data (Shennan 1989). Fig. 6 shows the depth distribution of seismicity from the most reliable data in the instrumental catalogue. The largest earthBoth data sets indicate that the northwestern half of the UK is still rising relative to sea level, at peak rates of the order quakes (m>5.2) all nucleate in the mid to lower crust, at depths in the range 13-26 km, with a mean depth of about of 2 mm yr−1, giving rise to morphological features such as raised beaches around the coastline. In contrast, the south-17 km. The relatively deep nucleation depth is consistent with the relatively low geothermal gradient (e.g. Main 1988) . None eastern half is currently sinking relative to sea level, due to a combination of eustatic sea-level change and forebulge of the events in the catalogue was large enough to produce an observed surface break, consistent with the event size and collapse. Although glacio-isostatic recovery dominates the long-wavelength deformation rates of prime interest here, local depth (Wyss 1979) . Allowing for an error of a factor two or so given the scatter on Fig. 6 , we take the seismogenic thickness residuals remain due to hydroisostasy, sediment loading and compaction, and palaeotidal changes (Rossiter 1989) . to be of the order 10 (+10, −5) km.
Earthquake focal mechanisms Neotectonics
A wide variety of geodetic data is consistent with the observed
The pattern of earthquake focal mechanisms in Fig. 7 reveals that the direction of maximum principal stress is horizontal neotectonic movement being dominated by uplift in the north of Britain and subsidence in the south consistent, respectively, rather than vertical. Fig. 8 (after Reading 1991) shows a variety of determinations of the direction of maximum compressive with glacial rebound and forebulge collapse after the last ice age (Rossiter 1972; Shennan 1989 , Woodward et al. 1991 .
stress from composite data sets of earthquake and borehole breakout data, all consistent with NNW-SSE compression, Fig. 7, after Shennan (1989) , summarizes the best estimate of Plot of the recent rates of uplift (positive values) and subsidence (negative values) relative to sea level, in mm yr−1, determined by interpolation from vertical rates of crustal movement in the UK, as observed at the coastal locations indicated by the filled circles, after Shennan (1989) . The diagram also shows focal mechanisms for six earthquakes after Lisle (1992) , with quadrants of compressive P-wave polarity shaded. Both data sets are consistent with a maximum compressive stress (s 1 ) in the NNW-SSE direction.
approximately parallel to the axis of the vertical deformation using the method of Julien & Cornet (1987) and previously applied to Fennoscandian data by Henderson (1991); (2) the shown in Fig. 7 . The estimations of the directions of maximum compressive stress were obtained from (1) a stress tensor orientation of borehole breakouts in the UK, after Brereton & Evans (1987) ; and (3) a composite focal mechanism, also inversion, applied to the focal mechanisms shown in Fig. (7) , Fig. 7 show that the observed deformation is vertical, but Fig. 7 shows that the direction of maximum stress is horizontal, parallel to the axis of the neotectonic deformation. These two observations are consistent with glacio-isostatic recovery of a lithosphere with finite flexural rigidity. In the next section we develop an explicit model for this process, and then use it to estimate a tectonic moment release rate.
A simple tectonic model for horizontal strain rates due to glacial unloading
The response of the lithosphere and underlying mantle to glacial loading and unloading is shown schematically in Fig. 9 . Initially, the lithosphere is depressed below the ice load and elevated ahead of it. The viscous asthenosphere flows to accommodate the implied elastic deformation of the lithosphere. After unloading, the depressed lithosphere rebounds into its original shape, thereby compressing the lithosphere. In this model, the loads involved are applied in the vertical direction, but the resulting stresses in the lithosphere are predominantly in the horizontal direction, consistent with the observations in Figs 7 and 8 above. Fig. 10 shows an idealization of this model, applied to the observed focal mechanisms, where the orientation of maximum and minimum compressive stresses are estimated by a process of elimination, noting that the maximum (minimum) compressive stress must be in the dilational (compressional) quadrant of the focal mechanism.
The best-fitting stress tensor in Fig. 8 (a) can be represented s 1 -axis, −w is the dip of the s 1 -axis, h is the angle, in the plane perpendicular to s 1 , between the horizontal and s 2 , and R is the ratio (s 2 −s 1 )/(s 3 −s 1 ). s 1 ≥s 2 ≥s 3 are the maximum, intermediate and minimum principal stresses, according to the common convention in Earth Sciences, with compressive stresses positive. The best-fitting solution for the stress tensor for the six earthquakes shown in Fig. 7 is (y, w, h, R)= (343°, 12°, 89°, 0.02). Fig. 8(a) shows the error ellipses on s 1 and s 3 , also obtained by the method of Julian & Cornet (1987) , indicating typical error bars on the above angles of around a few degrees. The results show that s 1 is near-horizontal, in the direction 343°. In fact, all estimates of s 1 in Fig. 8 are consistent with NNW-SSE compression. This is almost parallel to the NW-SE compression of the Eurasian plate, caused by ridge push forces at the mid-Atlantic ridge (e.g. Zoback 1992). (NW-SE) as we go from north to south.
in the form of a sinusoidally loaded flexural plate of thickness Applications of the model to the estimation of tectonic h (after Turcotte & Schubert 1982) . We assume the ends are moment release rates pinned at x=0, L , providing a mechanism for the observed compressive horizontal strain in the x direction on unloading.
We have already noted that the seismicity (Fig. 1 ) and the observed strain (Fig. 7) in the UK are distributed in space The sinusoidal loading models the weight of the ice sheet in the form q=q 0 sin(px/L ), where L is half of the flexural rather than concentrated on a few major faults. In this case, Kostrov (1974) showed that the seismic moment tensor is wavelength. For unloading, q 0 is negative. The general equation for the response of a flexural beam of related to the strain tensor by flexural rigidity D, applied load q(x) and horizontal force P is M ij =2mV e ij ,
where m is the shear modulus of the brittle crust, and V is the volume of seismic deformation. In the nomenclature used here, where w is the downward vertical deflection of the beam from V =L W h s (Fig. 9) . W is the intermediate (horizontal ) dimenits original position, and sion, and h s is the seismogenic thickness. Here we neglect all strain terms except e xx . The moment release rates are then D= Eh3 12(1−n2) ,
is the flexural rigidity of the elastic plate, where E is Young's modulus of the beam and n is Poisson's ratio. Here we assume
In order to calculate the tectonic moment release rate, we P=0, so that all horizontal stresses are dominated by the input the following values of the parameters: response of a flexural beam to vertical loading. There are no L =500 km , applied torques at x=0, L , implying that the bending moment
h s =10 km , where R is the local radius of curvature, is zero at the ẇ 0 =1 mm yr−1 , ends. After integrating eq. (9) twice, with P=0, and applying
2L and W are determined from the maximum and intermediate Integrating a further two times, and applying the boundary dimensions of the box shown in Fig. 1 , in turn chosen to reflect conditions dw/dx=0 at x=L /2; w=0 at x=0, gives the extent of the vertical displacement implied by Fig. 7 . ẇ 0 is estimated as an average value over the WSW-ENE direction,
perpendicular to the axis of the deformation. The value of y is calculated by assuming a neutral plane in the centre of a plate This can be written in the form of elastic thickness h=50 km, assuming a mean depth of around 15 km for the seismicity (from Fig. 6 ). The estimate of plate
thickness is based on the best fit to data on Fennoscandian where the maximum vertical displacement w 0 uplift (Fjeldskaar 1997) , the nearest approximation to the The horizontal strain is timescales of interest here. The quoted value of m is a commonly used average for the upper crust, where the seismogenic
deformation occurs. The resulting tectonic moment release rate for the flexural plate model is Ṁ tectonic =4.14×1016 Nm yr−1. where y is the elevation above the neutral plane of bending. From (14) and (15) 
we obtain
Comparison of seismic and tectonic moment release
The observed rate of seismic moment release, as calculated The total strain, averaged over the interval (0, L ), is above from the earthquake data, provides an effective lower bound to the annual moment release rate, because it is highly
likely that the relatively infrequent large earthquakes, with associated long mean recurrence times, will not have occurred and the implied ( horizontal) strain rate is in the available catalogue time frame. Similarly, the tectonic moment release rate provides an absolute upper bound, as the
seismic moment being released cannot be greater than that which is being put in. A comparison of the two values provides an estimate of the difference between deformation being This equation relates the average horizontal strain rate, distributed throughout the length of the plate, to the vertical accumulated (neotectonic) and released seismically. The seismic efficiency determined by this method is the ratio of the two: displacement rate. For glacial rebound, the vertical displacement is upwards so that ẇ is negative, and the compressive g=Ṁ seismic /Ṁ tectonic =34 per cent. This can be interpreted in two ways: either the deformation is currently being stored up strain e xx is positive (Fig. 9 ).
faster than it is being released or, more probably, it is being (4) The log-linear relationship in the incremental frequency holds for all magnitude values (i.e. eq. 1 holds at all magnitudes released predominantly aseismically. The low seismic efficiency, and the relatively large elastic thickness of the lithosphere for below m max ). glacial rebound processes are consistent with our assumption Condition (1) is a necessary requirement for finite energy given of a predominantly elastic deformation mechanism in the the G-R law; (2) is consistent with earthquakes as SOC flexural beam model. This contrasts with other tectonic prophenomena; (3) with the relatively diffuse seismicity in the cesses involving distributed deformation, for example in zones UK; and (4) with the observed seismicity data of Fig. 4 . such as the Aegean, where the largest earthquakes repeatedly
In this method, the log-linear probability density function break the entire seismogenic crust to form surface ruptures.
of event frequency, equivalent to eq. (1), is expressed in the In such areas the seismic efficiency is typically near 100 per form cent, but the flexural rigidity is low, resulting in a low elastic thickness.
where m min is the minimum and m max is the maximum magnitude, FREQUENCY-MAGNITUDE and b=b ln 10. This can be integrated over the whole range EXTRAPOLATION AND DETERMINATION of magnitudes giving a cumulative probability distribution:
OF MAXIMUM MAGNITUDES
So far we have determined the frequency-magnitude statistics P(x≥m)= P m max m p(m∞) dm∞ for the seismic catalogue, and calculated the total seismic and tectonic moment release rates. We can now use the latter to constrain extrapolations of the catalogue data to longer time-
scales using both the G-R law and the more general gamma distribution. The results can also be used to constrain the where the cumulative frequency N(x≥m)=N T P(x≥m). This maximum magnitudes to be expected in the region.
is precisely equivalent to a linear fit to the incremental freThere are three definitions of the maximum magnitude in quency data up to m max , as shown in Fig. 4 . Eq. (22) was fitted common use in contemporary seismic hazard analysis (Reiter to the cumulative frequency data by least-squares regression, 1990, p. 80).
and the values obtained were b=0.93 and m max =6.32. The best-fitting line with this correction is also shown in Fig. 5 . (1) The maximum historic earthquake. This is the largest The slope obtained by this method is similar to that obtained event recorded instrumentally or historically. It sets a lower from analysis of the incremental frequency data (b=0.92), bound for the maximum size ( here 6.1 m L ). but systematically lower than that obtained by fitting the (2) The maximum 'credible' earthquake. This is based on a cumulative frequency data to an equation of the form (1) 'reasonable' assessment of maximum earthquake potential with (b=1.01). Within the typical measuring error for magnitude, respect to the ambient tectonic regime. It does not imply actual m max is equivalent to the maximum historical earthquake. occurrence, and is less than or equal to the maximum possible earthquake, but greater than the maximum historical earthquake.
Maximum possible magnitude using the G-R law (3) The maximum possible earthquake. In probabilistic analysis, this is the maximum possible earthquake that could
The maximum credible magnitude defined by the Cornelloccur in a given time interval and tectonic regime. This gives Vanmarcke technique is very uncertain because it is based on an absolute though improbable upper bound.
fitting the curvature at high magnitudes in the cumulative frequency distribution, a curvature which is very sensitive to Here we concentrate on determining the maximum credible the statistically poorly sampled large events. An alternative magnitude as defined by Main (1995) .
is to use the moment release rate as a constraint using eq. (8). Using our best estimate of Ṁ tectonic , together with the Application of the G-R law parameters a and b, all discussed above, we find a maximum possible magnitude of 7.5 m L , assuming eq. (1) and Cornell & Vanmarcke (1969) provided the first method of 100 per cent seismic efficiency. In contrast, Ṁ seismic implies calculating a maximum credible magnitude from seismicity data.
a maximum magnitude of 6.3 m L , which compares well Here we use their technique in its modified form (Cosentino with the Cornell-Vanmarcke fit. et al. 1977). The cumulative frequency curve is log-linear for
The constraint of finite moment release rate can best be the smaller magnitudes, and then tails off with a curvature shown on a histogram of the moment release for each individual which determines the maximum magnitude. The associated magnitude bin, as shown in Fig. 11 . Such plots are increasingly incremental frequency has the form (1) until it is truncated becoming useful in evaluating seismotectonics because they sharply at the maximum magnitude. The assumptions on show a frequency weighted by the relative contribution of each which the calculations are based are as follows. magnitude bin to the total moment release (e.g. Main 1995; Amelung & King 1997a,b) . For the graphs shown here, the (1) There exists a finite maximum magnitude m max . (2) The earthquake recurrence is statistically stationary, so b-value is around 1, so the largest events dominate the moment release right up to m max . [For a larger b-value, for example on that the event rate of each magnitude bin m i is constant, and hence the mean magnitude m is also constant.
the creeping segment of the San Andreas fault, where b=1.5, the contributions from each magnitude bin are equal (Amelung (3) The region is seismotectonically homogeneous; that is, there are no major areas with characteristics significantly & King 1997a)]. The total moment release rate in such plots is then the area under each curve (that is, the sum of the areas different within the expected statistical fluctuations.
for example that the assumed moment-magnitude relation (and hence the parameter c used in eq. 2) is likely to be correct within the stated errors. In summary, the maximum credible magnitude predicted by the truncated G-R law lies in the region 6.3 to 7.5 m L , probably nearer the lower end if most of the tectonic moment release is predominantly aseismic, as might be expected from an elastic flexure model.
Maximum credible magnitude by the gamma distribution
The maximum magnitude assuming the G-R law may be regarded as a lower bound, since we might expect in general that the gamma distribution holds, with its more gradual rolloff of occurrence, in common with other natural dissipative systems (Main & Burton 1984 , 1986 Kagan 1993) . We now consider the effect of the same constraints as applied above to the G-R law, but relaxing assumption (4), in order to allow a fit to the more general gamma distribution. The results are shown in Fig. 11( b) , again on frequency plots weighted by the seismic moment. The gamma distribution predicts a broader peak, followed by an exponential decay rather than a sharp truncation. This reduces the probabilities of events around the peak compared with the G-R law, at the expense of allowing a finite probability of larger events. The maximum credible magnitude [defined as a negligible (<0.1 per cent) contribution to the moment release rate] predicted from the observed seismic moment release is 7.0 m L , and that from the observed tectonic moment release is 8.2 M L , compared with 6.3 and 7.5 respectively from the G-R law. The gamma distribution gives systematically higher values because of the more gradual rolloff (Fig. 8b cf . 8a) . Again, we might expect the best estimate of m max to be nearer the lower bound of this range for a low seismic efficiency. logue. This may seem like a wide range in the maximum credible magnitude, but it does reflect accurately our ignorance of (1) long-term magnitude recurrence; (2) the unknown proof each individual bin in the graph). The vertical lines shown in the diagram represent the points where the extrapolation of portion of seismic and aseismic moment release, and (3) the unknown form of the frequency-magnitude distribution at the G-R trend is cut off by the two constraints used; that is, where the area under each curve equals respectively the seismic high magnitudes. However, the approach is quantitative, and will improve in accuracy as more data become available. In and tectonic moment release rate.
DISCUSSION
It is interesting that the Cornell-Vanmarcke relation (22) the meantime, it may nevertheless be preferable to more subjective methods of assessing the maximum credible magnitude, gives a similar maximum to that obtained by the rate of seismic moment release (7), i.e. 6.3 m L , just above the maximum for example by adding an arbitrary amount (for example 0.5) to the maximum historic magnitude, or by drawing comhistoric event of 6.1 m L . This is perhaps not surprising given that they both rely solely on the catalogue data, but does give parisons with a similar tectonic regime with a higher level of seismicity. us some confidence that the model is internally consistent, also shows the inferred earthquake focal mechanisms, the Horizontal deformation rates and ridge 'push' forcing most reliable data being plotted with larger diameters. All of these have a predominantly strike-slip component, although it As time goes on, the estimates of seismic and tectonic deforshould be noted that Sissons & Cornish (1982) observed a mation rates will improve with better earthquake catalogue significant vertical component of movement in locally displaced data, and better gravity and satellite-based geodetic data. In Quaternary shorelines at Glen Roy and in the Forth Valley. particular, there is a need for accurate inland measurement of The inferred fault break at nearby Glen Gloy is associated vertical deformation rates, now made possible with the advent with evidence of seismic liquefaction structures of decreasing of the absolute gravity meter (Charles & Hipkin 1994) , and intensity away from the surface break (Davenport & Ringrose for the more accurate independent characterization of hori-1987). zontal deformation rates, made possible by the advent of GPS The four 'reliable' observations highlighted in Fig. 12 are but not so far applied to horizontal strain in the UK. This is too small a data set for a reliable stress tensor inversion, important because in the above we have assumed P=0; that although a composite focal mechanism consistent with NE-SW is to say, we have neglected the ridge 'push' forces arising from compression can be inferred, also shown in Fig. 12 . This the mid-Atlantic ridge, although their magnitude is likely to direction represents a 60°rotation from the current NNW-SSE be similar to those associated with glacial loading (a few tens compression (c.f . Fig. 8 ), possibly because the palaeoseismic of MPa according to Stein et al. 1989) , and their direction is data reflect the long-wavelength effect from deglaciation in similar to that of the axis of deformation implied by the tideFennoscandia (G. Boulton, personal communication). gauge data. Horizontal spreading rates from palaeomagnetic data of the mid-Atlantic ridge are of the order of 2 cm yr−1, much bigger than those calculated for the horizontal shortenGeneral applicability of the method ing from the flexural beam model above. However, the spreading In this paper, neotectonic deformation rates are determined rate is of a similar order of magnitude to the rate of opening predominantly from geomorphological and tide-gauge data, of the Atlantic (DeMets 1995) based on satellite data in Europe obtained on timescales of a few hundred to a few thousand and the US. This implies that the amount of residual strain years, compared with instrumental or historical data in the for internal deformation of the UK from the ridge push force earthquake catalogue spanning several hundred years. In many is much smaller than would be implied by the spreading rate areas it has also been shown that even shorter-term geodetic alone. The main practical reason we have not included the data, obtained from satellite data over time periods of 10 years effect of ridge push forces here is the lack of direct data on or so, can provide surprisingly accurate estimates of deforhorizontal deformation rates. Once these data are available, mation rates when compared to longer-term neotectonic data we will be able to compare the predicted horizontal glacial (DeMets 1995) . Thus the method applied in this paper may in unloading strain e xx with that observed, and hence resolve a principle have general applicability in zones of distributed long-standing controversy in the literature (Stein et al. 1989) .
seismicity, even in areas where Quaternary geological data on Another unresolved issue is whether or not the glacial deformation rates are not available, but local geodetic or plate loading itself causes the observed deformation, or merely tectonic data are, and in increasing quantity (Kagan 1997). triggers tectonic activity. Fig. 6 shows that the pattern of deformation is truly 3-D rather than the 2-D flexure problem CONCLUSIONS illustrated in Fig. 9 . In fact, if glacial unloading were the dominant process, rather than acting as a triggering agent, The G-R and gamma distributions have been applied to we might expect a range of local focal mechanisms, reflecting seismicity in the UK and its immediate continental shelf. this lack of a strong directional anisotropy to the strain Assuming that the G-R law holds in its incremental frequency field. Resolution of these issues again will require more data, form, the maximum magnitudes predicted by two independent including more focal mechanisms and stress directions from methods based on catalogue data (i.e. the rate of roll-off of the boreholes, and more detailed measurements of horizontal and cumulative frequency data and the observed seismic moment vertical deformation.
release rate) are identical-6.3 m L , just above the historical maximum of 6.1 m L . In contrast, the observed tectonic moment release rate places a maximum possible upper bound of 7.5 m L , Palaeoseismic data implying that the deformation on the upper crust in the last The tectonic constraints allow the possibility of relatively large-600 years or so has been predominantly aseismic. When the magnitude events in a recently glaciated intraplate area. Is this assumption of the G-R law is relaxed, the more general gamma plausible? Palaeoseismic data in Fennoscandia, where the distribution predicts a maximum credible magnitude in the vertical deformation rates are an order of magnitude higher range 7.0-8.2 m L . If glacial rebound (predominantly an elastic than those in the UK, indicate surface breaks with dimensions process) is the prime cause of the differential vertical movement consistent with earthquakes of magnitude 8 or higher, implying in the UK, and the seismicity remains distributed in space, rupture of the entire brittle crust (Arvidsson 1996 ; Johnston then the best estimate may be towards the lower end of the 1996). There is some similar evidence of smaller surface stated ranges. The range of predicted maximum magnitudes is ruptures occurring in the Quaternary within the UK, centred consistent with geological observation based on the length of on the location of the peak of ice loading in the Scottish observed surface breaks in the UK. Highlands. Fig. 12 shows some mapped lineaments interpreted as neotectonic surface breaks in western Scotland, listed in ACKNOWLEDGMENTS Appendix A, after Ringrose (1987) . The lineaments have lengths of the order 10-20 km, consistent with earthquakes with
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